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Symposium Schedule 
Tuesday, November 1 
Session I: Plenary Session 


Chairman: Y. Okuto 
NEC 


I-1 Research and Innovation Amenable to a Desired Direction (Invited) 
K. Fukui 
Institute for Fundamental Chemistry 


I-2 Present Status and Future Perspective of Neurocomputers (Invited) 
S. Amari 
Department of Mathematical Engineering, University of Tokyo 
I-3 Introduction of Future Electron Device Project 
M. Takano 
R&D Association for Future Electron Devices 
Session II: Superconducting Electron Devices 


Chairman: MM. Takano 
R&D Association for Future Electron Devices 


II-1 R&D Project: Superconducting Materials and Electron Devices 


(Invited) 
(Enforcement of Policy Related to Superconductivity) 
A. Yamazaki 
MITI 


II-2 Prospect of the R&D of Superconducting Electron Devices (Invited) 
Project Coordinator: K. Kajimura 
Electrotechnical Laboratory 


3 Current Trends and Future Prospects of the R&D of Superconducting 
Electron Devices (Invited) 
H. Hayakawa 
Department of Electronics Faculty of Engineering, Nagoya University 


II-4 Research on Superconducting Electron Devices at Electrotechnical 
Laboratory (Invited) 
S. Takada 
Electrotechnical Laboratory 
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Session III. Superlattice Devices 


III-1 


III-2 


III-3 


III-4 


III-5 


III-6 


III-7 


Chairman: #H. Sakaki 
University of Tokyo 


Introduction of Superlattice Device Project 
K. Ogasawara 
R&D Association for Future Electron Devices 


Research and Development of Superlattice Devices at 
Electrotechnical Laboratory (Invited) 

K. Shimizu 

Electrotechnical Laboratory 


S$i/Silicide Heteroepitaxy and it's Application to Permeable Base 
Transistors 

M. Miyao 

Central Research Laboratory, Hitachi Ltd. 


Chairman: Y. Shiraki 
University of Tokyo 


Physical Properties of InAs-GaAs Superlattices and Their Device 
Applications 

N. Nishiyama 

Optoelectronics R&D Laboratories, Sumitomo Electric Industries 
Ltd. 


MOCVD Growth of Pseudomorphic GaInAz/GaAs and it's Application to 
HET's 

K. Taira 

Sony Corp. Research Center 


Microwave Analysis of Resonant-tunneling Hot Electron 
Transistors (RHET's) 

HN. Yokoyama 

Compound Semiconductor IC Engineering Department, Fujitsu Ltd. 


Chairman: XK. Takahashi 
Tokyo institute of Technology 


Panel Discussion 


Future Prospects of Superlattice Growth Technologies 
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Wednesday. November 2 


Session IV: Bioelectronic Diwvices 


IV-7 


Iv-8 


Chairman: T. Ishiguro 
Kyoto University 


Introduction of Bioelectronic Device Project 
H. Tsuruoka 
R&D Association for Future Electron Devices 


Nerve Cells as a Functional Element of the Brain (Invited) 
M. Itoh 
Faculty of Medicine, University of Tokyo 


Electron Transport in Biological System-Cytcrome (Invited) 

H. Inokuchi 

Institute for Molecular Science, Okazaki National Research 
Institute 


Chairman: T. Ohsmori 
Tokyo Univ. of Agri. & Tech. 


Signal Processing in Synapse Intracellul«. Calcium and Muscarinic 
Response (Invited) 

T. Iigina 

Electrotechnical] Laboratory 


Towards a Model for Visual Information Processing 
K. Okajima 
Fundamental Research Laboratories, WEC Corporation 


A Cerebellar Neural Network Nodel for Generation and Learning of 
Motor Programs 

K. Matsuo 

International Institute for Advanced Study of Social Information 
Science, Fujitsu Ltd. 


Chairman: HM. Aizawa 
Tokyo Institute of Technology 


Development of Nolecular Assembly Technique for Transition Metal 
Complexes (Invited) 

K. Takahashi 

Electrotechnical Laboratory 


Development of Materials for Molecular Organizates (Invited) 


Y. Kawabata 
National Chemical Laboratory for Industry 
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A Photosensitive Device Model Using High-specific Protein 
Assembling Units of Antibody 

T. Ishibashi 

Advanced Research Laboratory, Hitachi Ltd. 


High Functional Electronic Device Based on Electron Transport 
Proteins for Information Processing 

M. Maeda 

Central Research Laboratory, Mitsubishi Electric Corporation 


Chairman: T. Moriizuai 
Tokyo Institute of Technology 


Development of Visual Information Processing Devices Using Photo- 
sensitive Proteins 

K. Kuhara 

Tsukuba Research Center, Sanyo Electric Co., Ltd. 


Development of an Artificial Neural Device Composed of Functional 
Organic Molecules 

S. Asakawa 

Matsushita Research Institute Tokyo Inc. 


Development of Sensor Information Processing Device Using Organic 
Filas 

Y. Unuma 

Tokyo Research Laboratories, Sharp Corporation 


Research and Development of Optical Information Processor by 
Molecular Asseably Technique 

T. Murayama 

Mitsubishikasei Corp. Research Center, Imaging Materials 
Laboratory 


Session V: Three Dimensional ICs 


Chairman: I. Ohdomari 
Waseda University 


Introduction of Three Dimensional ICs Project 
Y. Hayasaka 
R&D Association for Future Electron Devices 


Research on Basic Technologies for Three-Dimensional Integrated 
Circuit at ETL (Invited) 

K. Hoh 

Electrotechnical Laboratory 
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Study of GaAs 3D Devices on Silicon Substrated 

C. Yamagishi 

Semiconductor Technology Laboratory, R&D Division, Oki Electric 
Industry Co., Ltd. 


Study of Solid Phase Epitaxy and it's Application to 3D- 
Integration 

J. Sano 

Semiconductor Research Center, Sanyo Electric Co., Ltd. 


Device Characteristics and Interconnections Enduring High 
Temperature Processing 

K. Sugahara 

LSI R&D Laboratory, Mitsubishi Electric Corporation 


Chairman: #8. Ishiwara 
Tokyo Institute of Technology 


Device Physics and Performance Advantages of Thin SOI MOSFETs for 
Future VLSI (Invited) 

J.C. Stura 

Princeton Univ. 





Crystal Quality and Device Characteristics of EB Recrystallized Sol 
MN. Kenmochi 
Toshiba ULSI Research Center, Toshiba Corporation 


Study of Three Dimensional Device Structure 

K. Yamazaki 

Semiconductor Research Center, Matsushita Electric Industrial Co., 
Ltd > 


Four-Layer-Stacked Three Dimensional IC 
T. Kunio 
Microelectronics Research Laboratories, WEC Corporation 


V-10 Character Recognition System by 3D Integration 


K. Kioi 
Central Research Laboratories, Sharp Corporation 


FOR OFFICIAL USE ONLY 








FOR OFFICIAL USE ONLY 


Introduction of Future clectron Device Project 


43075101 Tokyo SEVENTH SYMPOSIUM ON FUTURE ELECTRON DEVICES in Engiish 
1-2 Nov 88 pp 7-11--FOR OFFICIAL USE ONLY 


[Article by Munekazu Takano, Research & Development Association for Future 
Electron Devices] 


[Text] Establishment and Organization 


In 1981, the Research and Development Project of Basic Technology for Future 
Industries was initiated by the Ministry of International Trade and Industry 
(MITI) in order to develop innovative basic technologies indispensable to 
the establishment of future industries such as aviation and space, informa- 
tion processing, and biotechnologies, where tremendous prcjress can be 
expected in the next generation. 


This Project focuses on three highly innovative topics of "New Material”, 
"Bio-technologies" and “Future Electron Devices" which strongly stimulate 
technological advances and also require huge long-term capital investments. 


From the 1988 fiscal year, a new topic “Superconducting Materials and Electron 
Devices" was started. 


The program period of around ten years is normally divided into three Phases, 
in each of which appropriate Development Targets are set by MITI and the 
progress and results of R&D are evaluated in order to ensure the optimal 
enforcement of the project. 


The Research and Development Association for Futur> Electron Devices (FED) 
was also established in 1981, under the license of MITI in accordance with 
the provisions of Article 34 of the Civil Code, with the intention of 
promoting research and development of future electron devices, a main theme 
of the above project. Research management, overall investigations and 
surveys over various related topics, international exchange on R&D and 
dissemination of results of such activities etc. are conducted by FED 
Association itself with assistance from the Machine Industry Promotion Fund. 


By the stipulation of Industrial Technology Act of 1988, NEDO (New Energy and 


Industrial Technology Development Organization) now concludes R&D contracts 
with FED Association, and MITI invests the necessary funds to NEDO. 
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Actual R&D work is sub-contracted to the member companies concerned. The 
Electrutechnical Laboratory (ETL) and other national laboratories conduct 
more basic R&D on the subject. Universities are taking part very positively 
by joining relevant ccamittees on R&D, and the Association supply funds to 
universities for some relevant basic study. 


The membership of this Association is made up of 25 private companies, of 
which 13 are presently involved in research and development on this Project. 


FED Association Activities 


The purpose of the FED Association is to engage in R&D and related investiga- 
tions on Future Electron Devices, and to disseminate the results of such 
activities. Thus the Association will essentially contribute to the promo- 
tion of basic technologies related to ele-tronics and other industries of 
Japan and of the world. The Association sponsors international workshops 

and symposia, send researchers abroad to attend international conferences 

and to visit related laboratories and conduct other activities. The results 
of the R&D of the Project are disseminated through presentations at inter- 
national and domestic academic conferences, submissions to academic journals 
and applications for patents. 


The Association holds an annual meeting, “Symposium on Future Electron 
Devices", to present the results of the R&D. In 1987, the 6th symposium 
was held on November 5th and 6th in Osaka. More than 400 researchers in 
Japan as well as those from abroad attended the symposium. 


The Association also holds one or two International Workshops every year to 
promote the R&D through in-depth discussion and also to disseminate the 
results of the R&D to the world. 


The 5th International Workshop on Future Electron Devices was held from May 
30 to June 4, 1986 at Miyagi Zao on the two topical meetings, "Three- 
Dimensional Integration (3-D workshop)" and "High-Temperature Superconducting 
Electron Devices (HiTcSc-ED workshop)". More than 320 researchers including 
30 researchers from overseas attended. 


The 2n¢ International Symposium on Bio-electronic and Molecular Electronic 
Devices will also be held f.-om December 12th to 14th, 1988 at Fujiyoshida, 
Japan. The symposium featured new frontiers and innovations on bioelectronic 
and molecular electronic devices and neural computing. 


Future Electron Device Projects 


The R&D themes are decided as the Basic Plan by MITI through the consulta- 
tion with an advisory council. The formula of R&D: Phases, Development, 
Targets of RGD, Length of project, etc. is stipulated in the R&D Basic Plan, 
and an R&D enforcement plan is also decided for each fiscal year. 
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The R&D Enforcement Committee is organized by MITI, the members of which 
are from MITI, ETL, FED, private companies involved in the relevant R&D 
and those from the university professors who are knowledgeable in the topic 
field, in order to enforce the Project. An R&D coordinator is appointed 
to guide the project with a long-range perspective. 


The Technical Evaluating Committee is organized for each project by MITI, 
composed of scientists and engineers knowledgeable in the topic field 
including university professors, in order to evaluate the progress and the 
result of the project. 


Overall Investigation and Survey Committee composed on ETL, member companies 
engaged in relevant R&D work, university professors knowledgeable in the 
topic field, etc. is organized by FED for each project. 


Future electron devices are expected to become one of the basic technologies 
of ths electronics and other industries in the next generation, and R&D 
concerning this important technology focused on the next five themes for 

the period; 


(1) Superlattice Devices, 1981-1990. 

(2) Three Dimensional Devices, 1981-1990. 

(3) Hardened IC's for Extreme Conditions, 1981-1985. 
(4) Bio-electronic Devices, 1986-1995. 

(5) Superconducting Electron Devices, 1988-1997. 


The schedule of five themes of future electron devices is summarized in 
Table I. 


The individual research projects consists of the following sub-themes. 
1. Superlattice Devices 
(1) Superlattice Functional Devices 

(a) resonant hot electron transistor 

(b) InAs/GaAs strained-layer superlattice MESFET 
(2) Super-structure Devices 

(a) Si permeable base transistor 

(b) InGaAs/GaAs hot electron transistor 
2. Three-Dimensional Devices 
(1) Stacked High-Density IC Technology 

(a) laser beam annealing 

(b) electron beam annealing 


(2) Stacked GaAs IC Technology 
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{3) Stacked Large-Capacity, Multi-Functional IC Technology 
(a) high speed image signal processor 
(b) moving object sensor 
(c) character recognition processor 


3. Bio-electronic Devices 


(1) Elucidation of Information Processing in Living Orgenism and Its 
Application 
(a) modelling for visual information processing 
(b) cerebeller neural netwerk model for generation and 
learning of motor programs 





(2) Development of Molecular Organization Devices 

(a) photo-sensitive devices using high-specific protein 
assembling units of anti-bodies 

(b) high functional electronic devices based on electron 
transport proteins for information processing 

(c) visual information processing devices using photo- 
sensitive proteins 

(d) artificial neura) devices composed of functional 
organic molecules 

(e) sensor information processing devices usin, organic films 

() optical information processor by molecular assembly 
technique 


4. Superconducting Devices 


(1) Ultra-High Speed Device Technology 
(a) proximity effect devices field effect type, vharge 
injectioa type 
(b) superconductor base devices low or high energy injection 


(2) New Functional Device Technology 
(a) quasi-particle tunneling 
(b) localized stute tunneling 


Hew Trends of Projects 


The projects on the superlattice and three dimensional devicer entered the 
third phase of the‘r researches after 7 years of continued technical 
advancements. 


The third phase of the superlattice devices will place the emphasise on the 
performance of the superlattice device as < functional logic gate element, 
and on new compositional superlattice systems including InGaAs and GaSb. 


“he third phase of the three dimensional devices renewed the final target 
to more sophisticated 4 to 5 layered stacked high density ICs which will 
realize a super-compact, multi-functional information processor or an 
artificial intelligent processor. 
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The bio-electronic devices was decided as a new theme in fiscal 1986, and 
the first phase is devoted to establish the information processing models 
of the living organisms and the basic technologies to construct molecular 
organization devices. 


These will become fascinating new devices with completely different device 
mechanisms from those of the conventional Si or compound semiconductor 
devices. 


The superconductor devices was also selected as a new theme which has just 
started in fiscal 1988. Taking advantage of the expected use of high Tc 
materials, this project intends to develop new three terminal superconducting 
devices based on high Tc materials. The growth of device-quality materials 
and latest nm fabrication technology will make it possible to realize new 
superconducting devices for logic circuits. 


Further detailed description and results of each project are introduced at 


the top of each theme. Cummulative tables of the academic publications and 
patents submitted are listed in Table II and III, respectively. 


Research ead Deveteopment Sebeduie of Puture EBliectren Device Preject 







































































10 











fiecel year ‘ei "82 ‘3 | "ss "oe ‘7 “es ‘oe ‘oo i ~ "ss ‘s~ | 
Phase | Phase 2 Phase 3 
Super lattice 
Bevi. 28 Bevelepe hetereepi tazia! Prepese neve! éevices | Desensirete the 
growth of atesic layer weing superlattices perfersence of éevice 
Phase | Phase 2 Phase 3 
Three- 
BO: eensiona! Bevelepe SO! technsiogy and Progress precese tech. | fabricate pretetype 
ics 30-1C process Vechnelegies 4 fabricate 38-1C TEC | 38-1C's 
Phase | Phase 2 
Bardened IC's 
fer Extrese tapreve rediation Feericate 
Conditions hardness of clesents | test devices 
Phrase | Phase 2 
Bie- 
Electronic Rede! bielegical inferaation process | Besonsirate & fabricate 
Devices Bevelepe selecular seseadiy technique | pretetype biselectrenic devices 
Phase | Phase 2 Phase 3 
BiTe- 
Superconducting Construct éevice fabricate device | fabricate 
Devices concept test elewents | prototype 
Bevelope high quality | Bevelepe sicre- | Hi Te-super- 
file preparation and fabrication & | conducting 
contre! technologies processing devices 








FOR OFFICIAL USE ONLY 











FOR OFFICIAL USE ONLY 









































































































































Table II Academic Publication 
Super isttice Devices | Three-disensions! | Hardened IC's for Bie-Llectronic bevices | 
tieca! C's Extrese condi tions total 
year | MIT! Lake | Private | MIT! Labs | private [MIT! Late | Private [| MIT! Labs [Private / MIT! Labs | Private 
Companies Companies Compan es Companies companies 
1981 3 1 4 6 - i) - - 7 7 
1982 7 11 14 53 0 18 J 21 82 
1983 34 31 a8 86 7 30 J 89 147 
1984 a8 33 32 86 12 20 - - 92 138 
1985 as 34 27 127 5 21 J - 77 182 
1986 90 48 42 110 a - o 0 132 158 
1987 9 26 8 109 - - 5 9 22 144 
19888 24 39 J J 72 
Tota! 236 208 175 | 615 24 89 5 18 | 440 930 
Tota! 1395 
(aby July, 1988) 
Taole III Patent Submitted 
Super lattice Devices | Three-diaensiona! Rardened IC's for Bio-Electronic Devices 
fiscal C's Extrese conditions total 
year | Tl Lobe | Private | MIT! Lobe | private [MIT Labs | Private | MITI Labs | Private | MIT! Labe | Private 
Compan es Companies Companies Compan es companies 
1981 " 1 " 6 - 1 - - 2 a 
1982 o 8 5 64 0 10 - - 5 80 
1983 4a 16 12 75 1 12 J 17 103 
1984 7 10 3 74 2 70 J J 12 91 
1986 3 18 A 80 6 16 - - 1s 113 
1986 i 12 5 50 - J 0 0 6 62 
1987 0 16 0 66 7 J 0 10 o 92 
1986 0 14 - - 1 16 
Tota! 16 79 32 | 429 9 4s 0 11 57 564 
Tota! 621 
ll 
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R&D Project: Superconducting Materials and Electron Devices (Invited) 
(Enforcement of Policy Related to Superconductivity) 


43075101 Tokyo SEVENTH SYMPOSIUM ON FUTURE ELECTRON DEVICES in English 
1-2 Nov 88 pp 15-18--FOR OFFICIAL USE ONLY 


[Article by Akira Yamazaki, Ministry of International Trade & Industry] 


[Text] To apply superconducting technology to industries from a medium- and 
long-term view, the following points should be emphasized: 


1. The research and development of superconductivity should be actively 
promoted. Especially, with regard to the research and developments of 
superconducting materials and electron devices under R&D project on basic 
technology for future industries and superconducting technology for electric 
power apparatuses under large-scale projects for energy conservation, 

strong take-off efforts should be taken, because they will enter in its 
second year. 


2. In addition, international cooperation on superconductivity should be 
actively promoted. 


1. The active promotion of the research and development on superconductivity 


Considering the huge impact that superconductivity technology will give on 
industry and society, the research and developments ranging from basic 
studies to applied fields should be actively promoted. (In the following, 
the value out of parenthesis represents the approximate budget request for 
the 1989 fiscal year and that in parenthesis represents the budget for the 
1988 fiscal year.) 


(1) The development of high- and room-temperature superconducting materials 
and of innovative manufacturing-process technologies: Y1370 million (Y760 
million) 


1--R&D project on basic technology for future industries 


— Among "superconducting materials and electron devices": Y1270 million 
(Y680 million) 


The mechanism of superconducting should be clarified. Materials should 
be searched which maintain superconducting function even in the condi- 
tion of high temperature, high electric current and high magnetic field. 
And the designing and manufacturing-process technologies should be 
developed to further improve the performance of these substances. In 
addition, a new manufacturing-process should also be developed to make 
superconducting materials into thin film and polycrystals. 


-- Among "electroconductive polymer (Organic superconductor)": Y60 million 
(Y60 million) 


The organic polymer materials having the superconducting function should 
be synthesized to clarify its mechanism. 
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2--Special R&D at National Research Laboratories and Institutes: Y40 million 
(Y20 million) 


-— The study of cryogenic superconductor should be carried out. 


(2) The development of devices using superconducting materials: Y880 
million (Y840 million) 


1--R&D project on basic technology for future industries 


— Among “superconducting materials and electron devices": Y610 million 
(Y380 million) 


Devices including superconducting transistor should be developed which 
cannot be realized without using superconducting materials. For this, 
the element technology including micro-fabrication should be established. 


2--Lar;<-scale project 


— Among “high-speed computing system for scientific and technological 
uses (Josephson device)": Y260 million (Y440 million) 


To establish the Josephson logic device and the memory device using 
superconducting materials, integration technology with high reliability 
and repeatability should be developed. 


3--Specific international joint research projects (Superconductivity-related 
theme): Y10 million (Y20 million) 





High-grade new superconductors should be researched and developed by 
precisely evaluating the superconductor. The research and development 
of devices for the precision measurement including the high-performance 
Josephson device and the SQUID (superconducting quantum interference 
device) using the above superconductor should be simultaneously promoted. 


(3) The development of superconduccing technology for electric power 
apparatuses 


1--Large-scale projects for energy conservation 


— “Superconducting technology for electric power apparatus": Y2000 million 
(Y1650 million) 


Superconducting power apparatuses should be developed including super- 
conducting generators. Therefore, the technology should be developed 
to make superconducting materials into wires and various element 
technologies for power generation should be developed. 


Total: Y4260 million (Y3250 million) 
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2. Investigation on Superconductivity Y220 million (Y180 million) 


To smoothly apply superconductivity to industries and society, the investiga- 
tion of superconducting-technology applied fields and the resources for 
superconducting material should be promoted. 


(1) The investigation on electric power apparatuses including superconduc- 
tive energy storage facility: Y80 million (Y50 million) 


The possibility to apply superconducting technology to the electric power 
field and its effect should be investigated and the concrete applied 
technology should be studied. 


(2) The development of superconducting materials for power generators: 
Y140 million (Y140 million) 


The technology related to the superconducting materials should be developed 
including rare-earth elements (yttrium, etc.) necessary for the super- 
conducting material for electric power and their development trends should 
be investigated. 


The total of the approximate budget request related to superconductivity 
for the 1989 fiscal year: Y4480 million (Y3430 million) 


3. The promotion of international cooperation on superconductivity 


Because of its large impact on industries and society, superconducting 
technology is given much attention to all over the world, and it is actively 
researched and developed. So, Japan should actively push for international 
cooperation to contribute to the world economy. 


l-- Specific international joint research projects (superconductivity- 
related theme): Y10 million (Y20 million) 


Japanese Electrotechnical Laboratory (Under the Ministry of International 
Trade and Industry) researches and develops precise evaluation of super- 
conductors, high-grade new superconductors and devices for precision 
measurement in cooperation with the National Institute of Standards and 
Technology under the Department of Commerce in the United States. 


Note: The "Specific international joint research projects" in Item 1. (2) 
3-- is the same as that in Item 3. l--. 


2-—- International cooperation through the International Superconductivity 
Technology Center 


The International Superconductivity Technology Center (ISTEC) is the largest 
research institute related to Superconductivity in Japan that performs the 
research and development of high- and room-temperature superconducting 
materials and of innovative manufacturing-process technologies (above- 
mentioned). ISTEC has 104 member companies including 6 foreign companies 

at present and needs more foreign companies. Though it has decided to accept 
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three foreign researchers, ISTEC needs more. Im addition, ISTEC also held 
the first INTERNATIONAL SYMPOSIUM on SUPERCONDUCTIVITY in Nagoya at the end 
of August this year. 


3-- INTERNATIONAL COOPERATION through IEA (INTERNATIONAL ENERGY AGENCY) 


Superconductivity/Power-Sector Assessment Expert Meeting of IEA was held on 
the first week of September in Japan at Ministry of International Trade and 
Industry with participation of 24 experts from 10 countries and EC. It was 
decided to continue to hold this kind of meeting at appropriate intervals 
for the encouragement of information exchange. 


15 


FOR OFFICIAL USE ONLY 














FOR OFFICIAL USE ONLY 


The approximate budget request related to superconductivity for the 1989 fiscal year 


(Unit: 8100 million) 


The value in parenthesis represents the budget for the 1986 fiscal year. 





General 
account 


Special 
account 


Total 








1. The development of high- and room- 
temperature superconducting materials 
and of innovative manufacturing-process 
technologies 

@ R&D project on basic technology for 
future industries 
* Among “superconducting materials and 
electron devices” 
* Among “electroconductive polymer 
(Organic superconductor)* 
@ Special R&D at National Research 
Laboratories and Institutes 


2. The development of devices using 
superconducting materials 
@ R&D project on basic technology for 
future industries 
* Among “superconducting materials and 
electron devices” 
@ The large-scale project 
* Among “high-speed computing system 
for scientific and technological uses 
(Josephson device)* 
@ Specific international joint research 
projects (Superconductivity-related 
theme) 


3. The development of superconducting 
technology for electric power apparatuses 
@ Large-scale projects for energy 
conservation 
* "Superconducting technology for 
electric power apparatuses" 


4. The investigation on superconductivity 
@ The investigation on electric power 
appeératuses including superconductive 
energy storage facility 
@ The development of superconducting 
materials for power generators 


5. The promotion of international coopera- 
tion on superconductivity (Note) 
O Specific international joint research 
projects (Superconductivity-related 
theme) 


6. Total 





5.6 (4.3) 


(3.5) 
(0.6) 


(0.2) 


(8.4) 


(3.8) 


(4.4) 


(0.2) 


0.9 (0.7) 


0.1 (0.2) 


15.4 (13.4) 





8.0 (3.3) 


8.0 (3.3) 


19.1 (15.8) 


2.2 (1.8) 
0.8 (0.5) 


1.4 (1.4) 


29.4 (20.9) 





13.7 (7.6) 


12.7 (6.8) 


(0.6) 


(0.2) 


(8.4) 


(3.8) 


(4.4) 


(0.2) 


20.0 (16.5) 


(1.8) 
(0.5) 


ow 
ow 


1.4 (1.4) 


(0.2) 


44.86 (34.3) 
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Prospect of the R&D of Superconducting Electron Devices (Invited) 


43075101 Tokyo SEVENTH SYMPOSIUM ON FUTURE ELECTRON DEVICES in English 
1-2 Nov 88 p 19--FOR OFFICIAL USE ONLY 


[Article by project coordinator Koji Kajimura, Electrotechnical Laboratory] 


et 1. Development of Basic Technologies for Superconducting Electron 
ces 


(1) Thin-Film Fabrication Technologies 

To fabricate high-quality thin film which is indispensable for electronic 
applications of superconducting electron devices, following technologies 

will be developed: 

A. Fabrication technology of single crystal film, 

B. Technology for obtaining high critical current density film, 

C. Technology for lowering process temperature, 

D. Design and fabrication technology for multi-layered structure. 

(2) Fine Patterning Technologies 

As processing technology for superconducting thin film with resolution down 

to submicron, fine patterning technology with high reliability, reproducibility, 
and resolution will be developed. Hetero-junction technologies for fabricating 
junctions composed of superconducting film and different material film, e.g., 
semiconductor, metal or insulator films will be developed. 

(3) Search for New Device Functions 

New device functions arising from peculiar characteristics of high temperature 
superconducting materials or complexes of high temperature superconductors 
with semiconductors, etc. will be searched. 


2. Development of Design, Fabrication and Evaluation Technologies for 
Superconducting Electron Devices 


(1) Design and Fabrication Technologies 

New Devices such as superconducting transistors with ultra-high operating 
speed will be designed and fabricated on the basis of the following 
characteristics of high temperature superconductors. 


A. High critical temperature, 
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B. Large energy gaps--better matching to semiconductor gaps, 

C. Low carrier density--modulation of carrier density. 

(2) Evaluation Technologies 

To evaluate the performance of superconducting electron devices, technologies 


required for high-speed measurements in the range of sub-picosecond etc. will 
be developed. 
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Current Trends and Future Prospects of the R&D of Superconducting Electrcn 
Devices (Invited) 


43075105 Tokyo SEVENTH SYMPOSIUM ON FUTURE ELECTRON DEVICES in English 
1-2 Nov 88 pp 21-23--FOR OFFICIAL USE ONLY 


[Article by Hisao Hayakawa, Dept. of Electronics, Faculty of Engineering, 
Nagoya University] 


{Text} Introduction 


The discovery of high Tc oxide superconductors is now opening new technolo- 
gies in many fields. Electronics is expected to be a major field to which 
these high Tc superconductors are applied. One of the advantages of high 

Te superconductors whose Tc are above 77K is the increased compatibility to 
semiconductor electronics. In this sense, it is very important to introduce 
these superconductors into the well developed semiconductor electronics in 
order to make smooth progress of these materials. This paper discusses 
possible applications of high Tc superconductors, in which superconductors 
are used in conjunction with semiconductor devices. 


Future Trend of Semiconductor Devices and High Tc Superconductors 


The performances of semiconductor devices both in speed and integration scale 
have recently been much progressed by introducing advanced miniaturization 
technologies. A sub-micron technology has already be applied in Si VLSI's. 
This trend of semiconductor devices indicates that integration technologies 
with the feature size of less than 0.5 m are going to be introduced in the 
future. 


As the device size becomes smaller and smaller, however, high electric field 
in devices causes various problems such as break-down and hot carrier 
injection. In order to avoid these failures, the operating voltage has to 
be reduced. However, it is not so easy to reduce the operating voltage 
because the lower voltage decreases noise tolerances, resulting in the 
increased probability of operating failures. To overcome this problem, it 
is necessary to operate devices in lower temperature, i.e., 77K. 
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Fig. 1 FPutuer trend of semiconductor devices and its 
relation to high Tc superconductors 


The advantage of semiconductor devices operated at the low temperature such 
as 77K are 1) higher operating speeds due to higher mobilities, 2) low power 
consumption through lower operating voltages, 3) high reliability of devices. 
A supercomputer based on C410S devices cooled in liquid Np has already been 
developed and commercialized. 


This trend of semiconductor devices towards the low temperature operation 
provides us a strong motivation to use high Tc superconductors in semiconduc- 
tor electronics. Figure 1 is a schematic illustration of a relation of the 
future trend of semiconductor devices and high Tc superconductors. 


Superconductor-Semiconductor Electronics 


The combination of new high Tc superconductors and cooled semiconductor 
devices will open up a new application field so called the Superconductor- 
Semiconductor Electronics. Followings are the possible applications based 
on this concept. 


Superconducting Interconnects 


A superconducting strip line can transmits high speed signals with low loss 
and dispersion-less. Transmission lines made of high Tc superconductors 
provide useful means for interconnects in packagings of high speed systems 
based on CMOS and other semiconductor devices operated at 77K. Especially 
the dispersion-less property of superconducting transmission lines becomes 
important to transmit high speed signals from semiconductor devices whose 
switching speeds faster than 100 ps. 
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Hybrid of Super-Semiconductor Devices 


High Tc superconductors make it possible to operate conventional super- 
conducting devices at 77K. Although some devices sacrifice their device 
performances due to the increased thermal noises, it is still useful to 
operate devices at higher temperatures because the refrigeration cost can 
be much reduced. For example, SQUID's operated at 77K can be used in the 
field of biomagnetism and nondestructive testings. Delay lines made of 
superconductors can process wide band analog signals. In this case it is 
easy to use semiconductor devices for amplifiers and signal processings in 
combination of these superconducting devices. On-chip integration of super- 
semiconductor devices may be a target of this direction. 


Combination of 4.2K and 77K Systems 


Recently superconducting electronics based on Josephson devices which are 
essentially operated at 4.2K has much progressed. LSI level integrations 

of these devices have already been performed using Nb and NbN junctions. 
Device performances are also quite attractive. Switching speeds of sub-10ps 
have already been attained and sensitivities of SQUID's and microwave 
detectors are almost at the quantum limit. 


In order to make use of these devices more effectively, high Tc super- 
conductors play an important role to connect the 4.2K devices to semi- 
conductor devices at 77K. For example, it may be possible to make a high 
performance computer system in which a high speed CPU is based on Josephson 
devices at 4.2K and a main memory on CMOS or HEMT devices at 77K. High Te 
superconducting transmission lines can be used to connect these two systems. 


Coupled Super-Semiconductor Devices 


Many attempts have been made to realize three terminal devices instead of 
Josephson devices by using coupled super-semiconductor systems. 


Field effect transistors based on a controlled proximity effect in semi- 
conductors and superconducting base bipolar-type transistors are now being 
researched. However, these devices are still in fundamental research levels. 


The difficulty in controlling interface properties between superconductors 
and semiconductors is the main problem to be solved. 


The appearance of high Tc superconductors may push more research activities 


because larger superconducting gaps of these materials increases compatibility 
with semiconductors. Moreover, new oxide superconductors change their physical 
properties from superconductive to semiconductive or insulative by controlling 


the oxygen contents. It seems to be the most important challenge to develop 
new device using new properties in new superconductors. 
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Figure 2 shows a schematic illustration of the concept of ™ 
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Fig. 2 Superconductor-Semiconductor Electronics 


Summary 


High Tec superconductors will open up a new electronic application 
field so called the Superconductor-Semiconductor Electronics in which 
superconductor and sexiconductor devices are combined functionally. In 
order to realize these devices, many problems such as thin film 
technologies with low temperature processings, the control of anisotropy, 
contacts to semiconductors, passivation and so on are remained to be 
solved. Recent research efforts on materials should encourage to develop 
new electronic field in future. 
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Research on Superconducting Electron Devices at Electrotechnical Laboratory 
(Invited) 


43075101 Tokyo SEVENTH SYMPOSIUM ON FUTURE ELECTRON DEVICES in English 
1-2 Now 88 pp 25-30 --FOR OFFICIAL USE ONLY 


[Article by Susumu Takada, Electrotechnical Laboratory] 


[Text] Abstract 


The research on basic technologies for superconducting electron devices, which 
is based on high Tc superconductors, at the Electrotechnical Laboratory is 
reviewed Rf sputtered YBCO films have been investigated to make clear electronic 
properties of the films for fluxon devices. Josephson junctions of super- 
conductor-normal-superconductor(S-N-S) layered structure YBCO/Au/Nb reveal 

the ac Josephson effect under the microwave radiation. BiSrCaCuO films 

have been prepared using an rf magnetron one-target sputtering system to 
develop new functional devices for precision measurements. Molecular beam 
epitaxy technique has been employed to fabricate BiSrCaCu0 files for funda- 
mental technologies of advanced superconducting electron devices. 


Introduction 


The basic research on superconducting electron devices based on high Tc 
superconductors is undertaken at the Electrotechnical Laboratory as a part 

of the R&D national project. The research field covers fluxon devices using 
high Tc superconducting transmission lines, new functional superconducting 
devices for precision measurements, and fundamental technologies for develop- 
ing advanced superconducting electron devices such as superconductor/ 
semiconductor coupled devices. 


Fluxon devices /1, V are expected to be one of the future superconducting 
devices using Te superconductors /3-6/, since a fluxon which behaves 
as a soliton in a Josephson tranemission line moves with high speed near the 
light velocity and low power dissipation. In order to realize fluxon devices 
using high-Tc superconducting film, high-Tc films are rejvived to have the 
following characteristics which should be controlled: (1, high transition 
temperature T., (ii) high critical current density J., (111) keeping super- 
conductivity in thin films (< 100 nm), (iv) smooth surface, (v) as-deposited 
fabrication, (vi) epitaxial growth, (vii) superconductivity of the fila 
surface, (viii) good interface between the film and other material files, 
(ix) physical and chemical stability, and so forth. 


This paper describes the fabrication of Y-Ba-Cu-0 thin films with small 
grains and the smooth surface by using an rf sputtering method fi] - In order 
to study the thickness effect on the superconductivity, the thin films with 
various thicknesses (100 nm to 730 mm) have been fabricated. From the 
thickness dependence of T. and J, for the patterned thin films, it is found 
that T, and J, have almost constant values for the films with the thickness 
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above 200 nm. In additioi, the superconductor-normal-superconductor (S-N-S) 
Josephson junctions [87 which consist of Y-Ba-Cu-0/Au/Nb thin films in order 
to control the interfacial properties between the films of oxide supercon- 
ductors and other metals is presented. The junctions reveal the ac~Josephson 
effect under microwave radiation. Moreover, the magnetic dependence of the 
Josephson critical current in the junctions are investigated. 








— N 


The Bi-Sr-Ca-Cu-O film is very attractive for developing new functional 
superconducting devices for precision measurements. The fabrication condi- 
tions of the Bi-Sr-Ca-Cu-0 films are carefully investigated using an rf 
magnetron sputtering machine. 


In order to realize advanced superconducting electron devices various 
fundamental technologies such as high quality crystal growth are required. 
Molecular beam epitaxy technique has been employed to make Bi-Sr-Ca-Cu-0 
films using thermal co-evaporation method from four separate sources. 


Fabrication of Y-Ba-cCu-O Thin Films 


All the YBCO films were deposited using an rf diode sputtering system. The 
target with a diameter of 10 cm was a composite type with the 1:3:6 ratio 
of Y:Ba:Cu to compensate contents of Ba and Cu during the sputtering. 
Sputtering was carried out at the substrate temperature of 200°C in a pure 
Ar gas with a sputtering gas pressure of 13.3 Pa. The target was pre- 
sputtered for 30 min prior to the film deposition on a substrate. The 
distance between the target and the substrate was 6.8 cm and an rf input 
power density was 2 W/cm*. The substrates were (100)- and (110)-SrTi03. 

The x-ray diffraction analysis showed that all the as-grown films were 
amorphous, and the films had electrically insulating behavior. The 
resistance was more than 10 Mf. A post-deposition annealing in pure 02 was 
used to achieve the superconducting films. The annealing procedure was 
carried out by heating the films up to 710°C with a heating rate of 5°C/min, 
annealing the films at 710°C for 10 h in an infra-red image furnace in 
flowing 0» gas, then cooling down to room temperature for 1h. Figure 1[not 
reproduced shows a scanning electron micrograph of the surface of the 
annealed film on SrTi03 substrate. The average grain sizes of the films are 
estimated to be ~100 nm, so that the surface of these films is flat and 
microscopically smooth. The relatively low-temperature annealing keeps the 
surface of films smooth. The annealed films were found to be the polycrys- 


talline orthorhombic phase with no preferred orientation from the x-ray 
diffraction analysis. 


In order to measure the thickness dependence of T, and J. of the films 
precisely, the samples were patterned and chemically etched using a 2.5-% 
phosphoric acid in the shape of strips with a 100-4 m width and a 2-mm 
length with usual photolithographic methods. There was no change of the T, 
onset of 75 K due to the decrease of the film thickness. Figure 2 shows 

the thickness dependence of T, for the fimls on SrTi0, substrates. In order 
to investigate the damage of the film due to patterning and wet etching 
procedures, annealing of the films with each thickness was performed before 
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and after patterning-etching procedures. Symbols in the figure are as 
follows; B vane p04 —J the films on (100) SrTi03, rectangulars indicate 
the films on (110) SrTi03, and closed and open ls indicate the films 
annealed before and after patterning-etching procedures, respectively. 
Since there is no remarkable change on Re ee to gg gee PY ae -_ 
rocedures, the d es due to these procedures are very ° 
in the fiture, T, is alnost constant for the films with d= 200 nm. For 
the films with d< 200 nm, on the other hand T, is drastically decreased. 
This degradation of T, may occur due to the inter-diffusion between the 
substrate and the film during the annealing treatment. 


The values of the critical cyrrent density J, were obtained to be 1.2 x 10° 
A/cm? at 4.2 K and ~ 1 x 10° A/cm? at 50 K for the film with d = 730 nm. 
However, the films with d> 200 nm have the almost constant Jo of ~ 7.5 x 104 
A/cm? at 4.2 K, while J, is rapidly decreased as d is less than 200 nn. Je 
for the films with d~ 100 nm was decreased to~ 200 A/cm? at 4.2 K. This 
thickness dependence of J, is similar to that of T,, as shown in Fig. 2. 

There is no remarkable dependence of J, due to the orientation of SrTi03 
substrates, indicating that the obtained films are polycrystalline. 


S-N-S Josephson Junction Consisting of Y-Ba-Cu-0/Au/Nb Film Sandwiches 


A configuration of the junction used in the present experiment is schematically 
shown in the inset of Fig. 3. Y-Ba-Cu-O thin films were fabricated as 
mentioned above. The value of a transition temperature for the film was 

67 K. Before evaporating an Au thin film as a barrier layer, the plasma 
oxidation was carried out with an 02 pressure of 133 Pa and an rf power of 

10 W for 1 h, in order to improve the surface layer of the Y-Ba-Cu-O films. 


Finally, the junction was accomplished by sputtering deposition of an Nb 
film using a metal mask. 
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In order to verify the junction as a Josephson junction, a microwave was 
applied to the junction. Figure 3 shows the I-V characteristic of the 
junction with Au thickness of 30 nm under the microwave radiation with the 
frequency f of 9.216 GHz at 4.2 K. As is seen in the figure, the first 
harmonic step is observed at the voltage of h f / 2 e due to the ac Josephson 
effect. In addition, a sub-harmonic step at the voltage of (1/2) h f / 2e is 
observed. 
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Figure 4 shows the magnetic field dependence of the critical current I, at 
4.2 K, which exhibits the Fraunhofer pattern. This magnetic field 
dependence of I, shows the behavior of the self-field limited junction, which 
means that the junction size is larger than the Josephson penetration depth. 
Note that the Fraunhofer pattern occurs definitely in the junction of Y-Ba- 
Cu-0/Au/Nb sandwich structure, not in the grain boundaries of the Y-Ba-Cu-0 
film, since the critical current of the Y-Ba-Cu-O films had no changes when 
the magnetic field was increased up to 65 x 107‘ T. 
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Fabrication of Bi-Sr-Ca-O0 Films With Magnetron Sputtering 


The fabrication conditions of the Bi-Sr-Ca-Cu-O films which show the smooth 
surface have been investigated. The films were fabricated using one-target 
of the magnetron sputtering system. The sputtering target was made from 
Bi-Sr-Ca-Cuy-0,. The fabricated films have superconducting transition 
temperature of about 70 K after annealing for 1 hour at 800°C in the flowing 
oxygen gas as shown in Fig. 5. The thickness of the film is 900 nm. MgO 
is used as a substrate. The noise properties due to the magnetic flux in 
these films will be studied by using a SQUID magnetometer operated at 4.2K. 
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Fig.5. Resistance dependence on temperature of the Bi-Sr-Ca-Cu2-O film prepared 
with one target of magnetron sputtering system. 


Fabrication of Bi-Sr-Ca-O Thin Films by MBE Technique 


The MBE technique is attractive for fabricating high temperature super- 
conductor thin films, because it has a possibility to make superlattices 
and hetero-structures along with other materials, being basic components 

of advanced superconducting devices such as superconductor/semiconductor 
coupled devices. The Bi-Sr-Ca-Cu-0 films were made by thermal co-evaporation 
from four separate sources simultaneously; Sr and Cu from electron beam- 
heated evaporators, and Bi and Ca from effusion cells. The oxygen gas 

was introduced during growth by flowing it from the tube near the substrate. 
The typical background pressure was 10-8 Pa prior to growth and was 1074 Pa 
during it. The used substrates are single crystals of characteristics 
(100)Mgo. 


The result of resistance vs. temperature characteristics of the films is 
shown in Fig. 6. During growth, the substrate temperature was kept at 150°C. 
In order to get superconductivity, furnace annealing in flowing 07 at 850°C 
for about 3 hours was performed. As-grown films were not superconducting. 
As shown in the figure, transition temperature indicating zero resistance 

is 79K. The thickness of the film is about 200 nm. 


Summary 
The research on basic technologies for superconducting electron devices based 
on high Tc superconductors at the Electrotechnical Laboratory has been 


reviewed. Rf sputtered films of YBCO have been revealed the ac Josephson 
effect in the layered junction structure of YBCO/Au/Nb. BiSrCaCuO films 
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Fig.6. Resistance vs. temperature of the Bi-Sr-Ca-Cu-O thin film synthesized by the 


MBE technique. After the growth, furnace annealing in flowing oxygen at 850 °C about 
3 hours was carried out. 


prepared with both rf magnetron sputtering machine and molecular beam epitaxy 
technique have been found to show the critical temperature of about 70 K and 
80 K, respectively. 
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[Article by Kazuto Ogasawara, Research & Development Association for Future 
Electron Devices] 


[Text] Abstract 


Superlattice project was established in 1981 with the duration of 10 years. 
This R&D project is being advanced by national research institute under ‘he 
leadership of the Electrotechnical Laboratory and four private companies. 


This project's basic plan is to establish fundamental technologies relating 
to superlattice devices featuring superhigh-speed information processing 
functions by controlling the structural composition and distributions on the 
atomic scale, i.e., by the development of heteroepitaxial growth technique. 





Fiscal 1988 starts the third phase of the project and superlattice devices 
are developing by drawing on the results of the previous phase. 


The outline and the results of the project will be described. 
1. Introduction 


A "Superlattice” is a new material structure having a longer lattice period 
than that of natural semiconducting crystals. Very thin films with only 
one hetero-interface are also included in this category. The superlattice 
gives more freedom in the material design for high mobility, high quantum 
efficiency and tailored band structure than conventional alloy crystals. 
Molecular beam epitaxy (MBE) and metal organic chemical vapor deposition 
(MOCVD) techniques for III-V compound semiconductor materials have made the 
fabrication of superlattice possible. It is hoped that new functional 
devices using superlattice structures are developed. In order to do that, 
the development of a growth method for precise compositional control and 
interface abruptness is indispensable. 


According to the basic plan, the purpose of the R&D project is to establish 
fundamental technologies relating to superlattice devices featuring superhigh- 
speed information processing functions by controlling the structural composi- 
tion and distributions on the atomic scale, i.e., by the development of 
heteroepitaxial growth technique. 





In Phase 1 of the project, four years from fiscal 1981, research stressed 

on the crystal growth technology for monoatomic layer growth-control in AlGa- 
As/GaAs, InAs/GaAs and silicide/Si by MBE and MOCVD techniques. During 

Phase 2, that ran from fiscal 1985 through 1987, the unique properties of 
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the superlattice and the fundamental work principles of superlattice devices 
were investigated. In Phase 3, that started in 1988 and will run to 1990, 
emphasis is being placed on the performance of the superlattice device as a 
functional logic gate element, and on new compositional superlattice systems 
including InGaAs and AlGaSb. 


Research on this theme is being conducted by the Electrotechnical Laboratory, 
and four member companies; Fujitsu Ltd., Sumitomo Electric Inc., Hitachi 
Ltd., and Sony Corp. 


2. Respective R&D Activities 
(1) Superlattice Functional Device Technologies 
i) Fujitsu Ltd. 


A crystal growth control technology on the order of monoatomic layer has 
been established in the MBE process, and a hot electron transistor (HET) 
with a base layer of about 250 A thick has been fabricated by Fujitsu Ltd. 
Also, a resonant tunneling hot electron transistor (RHET) has been fabricated 
by using a resonant tunneling diode in the emitter region}, The structure 
and the principle of the operation are shown in Fig. 1. The RHET has been 
corroborated to have unique characteristics, such as an exclusive-NOR 
logical function with a single device. The RHET using an InGaAs/In(AlGaAs) 
system achieved the current gain of 25 and peak to valley ratio of 21 at 

77K, and obtained cutoff frequency of 26GHz at room temperature. Henceforth, 
the high-speed characteristics of the RHET and logic functions with emphasis 
on cascade connection will be clarified. 


ii) Sumitomo Electric Industries Ltd. 


The InAs/GaAs strained layer superlattice has been taken up for research 

as a new type of superlattice materials for high electron mobility and new 
functional devices. A beam separation MBE process was developed by Sumitomo 
Electric Industries, Ltd. for the pregise layer thickness control of an 
InAs/GaAs strained layer superlattice”, Fig. 2. A mirror like surface with 
a wider mean composition range was obtained in the InAs/GaAs strained layer 
superlattices on InP substrates as compared to InGaAs alloy crystals. 


(2) Superstructure Device Technology 
i) Hitachi Ltd. 


Research is being conducted on growth technology for silicon and metal 
silicide by an MBE process to develop a permeable base transistor (PBT) with 
metal silicide electrodes embedded at intervals of a few thousand angstroms 
in a silicon epilayer. At the present stage, Hitachi, Ltd. fabricated 
etched-groove PBT's using NiSi, epitaxially grown on Si~. The structure 

of the etched-groove PBT's is shown in Fig. 3. Also, an atomic layer doping 
technique has been developed for channel layers and channel stopping layers, 
and for short channel FETs. 
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ii) Sony Corp. 


Superlattice structures with compatible interface sharpness were fabricated 
by Sony Corp. using the MOCVD process featuring a Better productivity and 
reproducibility than process. HET's are fabricated with AlGaAs/GaAs 

and InGaAs/GaAs systems’, Fig. 4, indicating that the MOCVD process is a 
highly effective growth method for superlattices, as well as the MBE process. 
Also the growth technique for AlGaSb/InAs systems for room-temperature 
operation of HET's is being developed. 
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[article by Keizo Shimizu, Electrotechnical Laboratory] 


{Text} Abstract 


In this paper, several recent results in R&D project of superlattice devices 
of Electrotechnical Laboratory are described. 


Introduction 


In R&D project of superlattice devices, Electrotechnical Laboratory is 
assigned to basic research for superlattice structure designing, fabrication 
and evaluation. Several recent results are described. 


Advance of RHEED Oscillation Methods 
(1) Studies of $1(001) vicinal surfaces [1] 


Surface step structure of $1(001) vicinal surfaces tilted by from 0.5 to 
4 degrees toward the [110] azimuth were characterized by analyzing a spot 
intensity oscillation of RHEED patterns. 


The surface of emall misorientation after a high-temperature anneal was 
double-domain with monolayer steps, while that of a large misorientation was 
single-domain with bilayer steps. Nevertheless, the single-domain structure 
was observed for all samples during homoepitaxial growth at adequate 
temperature, Thies will be explained by a model schematically illustrated 

in Figure 1. The energetic stability condition of the surface varies with 
the Si beam irradiai ‘on, so that the steps on the small tilt surfaces change 
from the monolayer ts the bilayer during the first half a monolayer growth. f 
When the Si beam is shut off, the bilayer steps are broken into monolayer steps. 


(2) Ge,/Si, Strained-Layer Superlattices [2] 


The monitoring conditions of RHEED oscillations were optimized and Ge,/Si, 
strained-layer superlattices (SLSs) can be fabricated up to the total | 
— 8 240-245 monatomic-layers by using phase-locked epitaxy (PLE) 

method [3]. 


Figure 2 shows the RHEED intensity oscillation during the growth of a 
Ge,/Siy¢ SLS. At the 4th peak of the oscillation, the Ge source shutter 
was closed; then the Si source shutter was opened, and it was closed at the 
16th peak of oscillation. The amplitude of the RHEED oscillation decreased 








35 


FOR OFFICIAL USE ONLY 











with the growth cycles, but the oscillation can be clearly observed 
12 superlattice periods, The sample was characterized by X-ray diffraction 
and Raman scattering, and the SLS structure was confirmed to be fabricated 


as designed. 


Also the Ge,/Si, SLS was fabricated, and the X-ray diffraction measurement 
indicates that the structure of the Ge,/Si, sample differs from that of the 


Ger, 2Stp,g alloy crystal. 


(3) Surface Migration Measurements [4] 


Surface migration of Ga atoms on GaAs (001) vicinal surfaces was studied 
by the RHEED oscillation method. Figure 3 shows the diffusion coefficient 
for different inclined directions, [110] and [110]. Anisotropy of surface 
migration with the crys*allographic orientations is shown. 


Electronic Band Structures of Superlattices [5] 


For design of a superlattice, data of electronic band structures of the 
superlattice components are required. However, such data are not yet enough, 
and most of the data previously obtained are those of bulk crystals. There- 
fore, inner core levels and valence band structures of alloys, hetero- 
structures and superlattices have been investigated by insitu photoemission 
measurements. The samples grown by PLE method were transferred to the 
analysis chamber without exposure to air. 


Typical UPS spectra of the valence bands of the AlAs/GaAs heterostructures 
are shown in Figure 4. The spectra have two major peaks, and the higher 
energy peak shifts in accordance with the number of overlayers. The peak 
shift with the overlayers are shown in Figure 5. Because the escape depth 
of photoelectrons is around 5A in the UPS measurements, the probed region is 
within almost 2 monolayers of AlAs or GaAs from the surfaces, 





This result indicates, for both GaAs and AlAs, 5 to 6 monolayers are necessary 
to complete the valence band structure of the bulk crystals. The similar 
situation is expected for the conduction band minimum. The design of super- 
lattices have been usually based on Kronig-Penney model, where the band 
parameters such as valence band maxima, conduction band minima and effective 
masses, of bulk crystals are used. However, the bulk band parameters can not 
be applied for very thin layers. Other treatments where band structures are 
calculated more directly and many experimental data for various materials 

are required for the design of superlattices consisting of very thin layers. 


Triple Barrier Diodes [6] 


We have been studying triple-barrier diodes and related structures. The 
structure has three barriers which form two quantum wells. Resonant tunnelings 
take place between two wells. Since the initial electron to tunnel is already 
in a confined state and not in a free-electron band, as is contrasted to the 
double barrier diodes, current peaks caused by the resonant tunnelings have 
sharper profile. This feature is advantageous for the basic research as 

well as practical applications. By using this structure, tunnelings with 

an LO-phonon emission has also been found [7]. 
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A recent development was obtained from a detailed study on tunneling currents 
of GaAs/AlGaAs quadruple barrier diodes, where a wide quantum well was 
replaced with a pair of strongly coupled quantum wells, as shown in Figure 6 
in the form of the conduction-band edge profile. In the coupled quantum 
well, their ground subbands interact strongly to form a symmetric and an 
antisymmetric ground subband with a certain energy splitting between then. 
Since the energy splitting is strongly affected to both the thickness and the 
height of the separating barrier, the dependence of the energy splitting on 
the barrier thickness gives the conduction-band edge-discontinuity between 
the barrier and the well--the quite important and still somewhat controversial 
material parameter. The current-voltage characteristics of one typical 
quadruple-barrier diode at 85K is shown in Figure 7. Dual peaks, indicated 
by arrows in the figure, are the resonant tunnelings from the symmetric or 
the antisymmetric ground subband in the coupled quantum wells to the ground 
subband in the other quantum well. By applying the calibration procedure 
discussed in detail in a paper [6], we obtained the dependence of the energy 
splitting on the thickness of the separating barrier, which is shown by dots 
in the Figure 8. Theoretical curves which takes nonparabolicity, both in 
the conduction band and in the band gap, into account are also shown in the 
figure with solid lines changing the ratio of conduction edge discontinuity 
to the band gap discontinuity as « parameter. Comparison with the theory 
gives the ratio of 60 percent, which is consistent with other words. 





Characterization of Lattice Strain in Heteroepitaxial Layers 
(1) “In situ” characterization 


MBE growth processes of heteroepitaxial layers are investigated “in situ” 
using a RHEED observation system, in which RHEED patterns are recorded using 
a video-tape system and are digitized at a resolution of 256x256 pixcels 
with 6 bit intensity data. The intensity and half width of diffraction 
spote/streake are measured, The surface lattice parameter is determined 
from the separation of bulk diffraction spots/streaks. 


We have mide "in situ" characterization of surface lattice strain of GaAs 
grown on Si and of InGaAs on GaAs substrates using the RHEED observation 
system. It is found that the relaxation processes of the surface lattice 
strain are closely correlated with growth processes as was observed by 
change in half width and diffraction intensities of RHEED patterns. 


Epitaxial GaAs/Si (100) structures were grown by MBE at 300 C. The As 

flux impinged the Si surface at 300 C after thermal cleaning at 1000 C, 

Figure 9 shows the half width and diffraction intensity of a (220) diffraction 
spot and the surface lattice parameter as a function of thickness of deposited 
GaAs layers on As-covered Si surfaces [8]. The surface lattice parameter 

of the Si substrate is preserved for the first 1.2 A thick GaAs layer and 
begins to relax before the completion of the first GaAs monolayer. The 

misfit strain is completely relieved for layers thicker than 2 A, which 
corresponds to the coverage of 0.7 on the As-covered Si surface. The half 
width and intensity of the diffraction spot begin to increase simultaneously 
with the onset of lattice strain relaxation, which indicates that three- 
dimensional growth takes place simultaneously with the relaxation of the 
surface lattice strain. The island growth is induced by the relaxation of 
surface lattice strain. 


37 
FOR OFFICIAL USE ONLY 








FOR OFFICIAL USE ONLY 


Calculated critical thickness for strained-dislocated transitions is 6 - 15 A, 
which are considerably larger than the observed critical value. Contrary 

to this observation, the critical thickness for GaAs layere on Si substrates 
on which As layers are predeposited at high temperature is found to be larger 
than a few monolayers. Therefore, it is likely that the misfit stress is 
accommodated by the faulted As-Si interface which is formed at low temperature. 


(2) Amalysis of lattice strain in heteroepitaxial layers 


Lattice strain in heteroepitaxial layers of InGaAs on GaAs and GaAs on Si 
has been studied by X-ray Bond's method. We have analyzed the data taking 
into account the misfit lattice strain and the thermal strain; the lattice 
strain in heteroepitaxial layer is well explained by this model. First, 

the lattice strain is accommodated by elastric lattice strain. As the 
thickness increases above the critical thickness for generation of misfit 
dislocations, the misfit stress is relieved and the thermal stress dominates 
eventually in thicker layers. 


We have generalized this idea to other heteroepitaxial systems and have 
calculated residual stress in heteroepitaxial layers using the Mathews for 
the misfit strain and the bimetallic strip model for the thermal strain [9]. 
Figure 10 shows schematic dependence of residual lattice strain in hetero- 
epitaxial layers for different relations of lattice parameters and thermal 
expansion coefficients between the substrate and the epilayer. We have 
compared the calculated results with experimental results and have found 
fair agreement, 
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Introduction of Bioelectronic Device Project 


43075101 Tokyo SEVENTH SYMPOSIUM ON FUTURE ELECTRON DEVICES in English 
1-2 Nov 88 pp 73-74--FOR OFFICIAL USE ONLY 


[Article by Hisashi Tsuruoka, Research & Development Association for Future 
Electron Devices] 


[Text] Bioelectronics is a new technology by which highl 

y advanced equipment 
and devices can be realized by combining prevailing electronic technology with 
recent and rapidly developing biotechnology. This technology presently 
includes the following. 


(1) Biosensor recognizing the specific chemical substances. 


(2) Neuro-computer or biocomputer realizing the special functions which 
are inherent to living organisms. 


(3) Molecular or biomolecular devices with highly information processing 
functions. 


Electronic technology is one of the most useful technologies developed by 
human beings and has contributed vastly to human life. However most people 
anticipate that progress in electronic technology will peak by the end of 
this century. For example, complications in the development of software 
can not be expected to decrease in the future, and conventional computers 
will probably remain as weak as ever in the areas of pattern recognition and 
speech recognition even if processing speed increases. Progress in manufac- 
turing technology for semiconductor devices is also approaching the 
saturation level. 


But the human brain with its very compact size is able to accomplish the 
extremely complex and sophisticated functions, such as learning, memorizing, 
motor control and so on, where the present computers are weak. The information 
density of DNA remains superior to that of present ultra-large scale integrated 
circuits, Natural organism can not only possess these surprising information 
processing abilities, but are able to construct themselves through the 
cellular organization, self-multiplication and efficiently introduce erergy 
from outer space. 


Bioelectronic technology aims at the application of these complex functions 
which living organisms possess. For application to bioelectronic device 
technology, molecular organization, self-organization, molecular recognition, 
chemical amplifiers and for the information processing technologies, the high 
level information processing functions of the brain are especially attractive. 


Exploitation of the special functions of living organisms has been attempted 
from early times, though these trials can not yet be considered successful. 
The organism provides clues for overcoming the limits of technology. 
Presently, more facts about organism can be understood than in 1960s. 


The device technologies for the implementation of information processing 
models have been rapidly developed in the last 25 years. Therefore dreams 
and expectations are now expanding for bioelectronics. However research 
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and development in bioelectronics are just in the beginning stages and 
practical use of bioelectronics can be seen only in the — There 


are problems to be considered in utilization of the molecule inf 
processing unit because of thermal instability. as an ormation 


In addition, the self-organization function is considered indispensable for 
the construction of molecular devices, but research in this technology is 
just starting. As described above, the field of bioelectronics has many 
problems to solve but is expected to grow in the 2lst century. 


Taking all of this into consideration, research on a “bioelectronic device" 
was selected in fiscal 1986 as a new R&D theme for Research and Development 
Project of Basic Technology for Future Technologies. Research and development 
schedule of this project is shown in Figure 1. The theme is built around 


two fields. 


(1) Analysis of information processing in living organisms and construction 
of a model, 


(2) development of molecular assembly technology. 
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In field (1), the most important goal is to construct an efficient model 
based on the new information processing principles indicated by organisms. 
For this purpose, measurement technology of neuronal activities is to be 
developed and information processing functions of neuron networks is to be 
analyzed. From these results, new device prototypes for pattern recognition 
and motor control system will be constructed. These model devices currently 
utilize silicon devices or are simulated by software program but these 
functions will be accomplished by molecular devices in the future. 


In field (2), the materials for developing electronic device technology 


are biomolecules and complex organic molecules. Rhodopsin and Cytocrom 

have been selected as the biomolecules. Phthalocyanine, photochromic 
materials and so on have been selected as complex organic molecule. Lagmuir- 
Blodget method, antigen-antibody reaction method, and the deposition method, 
etc., have been initially studied as molecular assembly technology. 


These materials and assembly technologies are to be evaluated by manufacturing 
the following prototypes. 


a) Visual information processing devices 

b) Photo/electric conversion devices e 
c) Sensor-information processing devices 

d) Logic devices 


Evaluation will be conducted at the mid point of this project period. In 
the latter half of the project, development of the above prototypes will 
progress to functional devices by introducing the results of field (1). 


Thus the basic technologies for a biocomputer will be established by the end 
of this project. Investigations of bioelectronics and consideration of 


basic concepts were first undertaken two years ago. 1988 is the 3rd year 
of this project. Preparation for construction of prototypes has begun. 
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Introduction of Three Dimensional ICs Project 


43075101 Tokyo SEVENTH SYMPOSIUM ON FUTURE ELECTRON DEVICES in English 
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[Article by Yoshiaki Hayasaka, Research & Development Association for 
Future Electron Devices] 


[Text] Abstract 


Three dimensional ICs (3D ICs) project was established in 1981 with the 
duration of 10 years. This R&D project is being advanced by national 
research institute under the leadership of the Electrotechnical Laboratory 
and seven private companies. 


This project's basic plan is to establish fundamental technologies relating 
to high density, multifunctional 3D ICs, in order to realize supercompact, 
high-performance information processing equipment featuring so-called 
artificial intelligent and multifunctional information processing functions. 


Fiscal 1988 starts the third phase of the project and 3D ICs with the new 
functions are developing by drawing on the results of the before phases. 


The outline and the results of the project will be described. 


1. Introduction 


Three-dimensional ICs, differing from the conventional type of two- 
dimensional integrated circuits, are stacked active layers in the vertical 
direction. The characteristics of the 3D ICs not only include an improve- 
ment of their large-scale integration but also feature much shorter wiring 
length due to wiring in the vertical direction, thereby enabling a conspicuous 
reduction in the wiring delay time between elements. Moreover; the three- 
dimensional structure enables numerous wirings to be arranged flexibly. 
Since the signals are transmittable in the vertical direction, the ICs 

can be used conveniently for parallel and high-speed signal processing. 

In addition, by intercorporating different circuit fynctions into respective 
layers and connecting these layers vertically, it will be possible to assign 
diverse complicated functions to these 3D ICs, which had hitherto been 
impossible with conventional two-dimensional ICs. 


The basic plan of the project is to establish fundamental technologies 
relating to high-density, multifunctional 3D ICs, in order to realize super- 
compact, high-performance information processing equipments featuring 
so-called artificial intelligent and multifunctional information processing 
functions. The targets for development are a stacked, high-density 
integrated curcuits with sophisticated logic, memory and other functions, 
and a stacked multifunctional IC, integrating various composite functions 
including a signal conversion and a sensor function. 


The technological breakthroughs necessary for the realization of 3D ICs 
involves the development of a silicon-on-insulator (SOI) technology for 


producing stacked active layers, or a low-temperature process without 
deteriorating the characteristics of devices in the lower layer. 
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The first phase of the project, initiated from fiscal 1981, SOI technology 
has been established with regards to the laser annealing and electron beam 
annealing processes. In the second phase, that ran from fiscal 1985 through 
1987, the development of the technologies for three-dimensional wiring 
between multi-layered elements (through-hole formation, planarization, heat 
resistant wiring, interlayer wiring, etc.) and for developing a three- 
dimensional circuit design technology for incorporating diverse functions 
into 3D ICs. The end of the second phase, activities was advanced energeti- 
cally for the trial fabrication and evaluation of a test IC consisting of 
three or four stacked active layers. 


In the third phase that starts from fiscal 1988, 3D ICs with new functions 
are developing by drawing on the results of research. 


Finally, the possibility of the fabrication of 3D ICs and the advantages of 
the 3D ICs are to be shown. Figure 1 shows the stages of development of 
3D ICs. 


The project is being advanced by the Electrotechnical Laboratory and seven 
private companies, NEC Corp., Oki Electric Industry Co., Ltd., Toshiba Corp., 
Mitsubishi Electric Corp., Matsushita Electric Industrial Co., Ltd., Sharp 
Corp., and Sanyo Electric Co., Ltd. under consignment by R&D Association for 
Future Electron Devices. 







































































Fig.! Stages of Development of 3D ICs 
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2. Respective R&D Activities 
(1) Basic Technologies for Three Dimensional ICs 


At the Electrotechnical Laboratory, fundamental technologies for the 


fabrication of 3D ICs are under development, including a basic radiation 
lithography, a basic beam processing technology, and a basic technology for 


evaluating the structure of 3D ICs. 
(2) Stacked High-Density IC Technology 





i) WEC Corp. 


An SOI technology has been developed based on the seedless two-step laser 
annealing process or seeded linear electron beam annealing process, and IC 
fabrication technologies have been developed, such as the heat resistant 
wiring, through-hole, and planarization technologies. By applying these 
technologies, a 512-bit SRAM device was designed and fabricated by us a 
two-layered inter CMOS, and at present a basic 4-layered 3,000 elements 

device is fabricated on trial. In the third phase of the R&D progran, 

a thin-film laminating technology (wafer bonding technology) is to be developed 
that will use a two-layered inter CMOS as a fundamental base, with the aim 

of fabricating a 6-8 layered stacked micro-processor. 


ii) Toshiba Corp. 


An SOI technology was developed based on the amplitude pe yO ey 
beam recrystallization process, in which a large-area SOI of 4 was 
attained. IC fabrication technologies, such as the heat resistant wiring, 
the high aspect ratio through-hole embedding technology, and other related 
technologies have also been developed. By applying these technologies, 
research is presently being advanced to trial fabrication of an image 
processing device consisting of three layers. In the third phase, the aims 
are to develop the methods for obtaining a large-area SOI of 10x10mm? and a 
superminiature SOI device of 1/4 micron pattern, in order to catch up with 
two-dimensional ICs. It was found that a MOS transistor made of thin film 
SOI layer having a thickness less than 1000A has a large electron mobility 
compared with that of a transistor made of bulk Si. It was also found that 
it may be able to prevent from the short channel effects, such as a kink 
and an overshoot effect. 


(2) Stacked GaAs IC Technology 
i) Oki Electric Industry Co., Ltd. 


A technology has been established for the heteroepitaxial growth of GaAs 
directly on Si. This will make it possible to realize GaAs devices on Si 
substrate. By developing CVD technology, the Gage oo having excellent 
quality (defect density of the lower level of 10°/cm*) have been obtained, 
and the GaAs elements made of heteroepilayers works well as those made of 
GaAs wafers. 
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The third phase, a technology will be developed for stacking GaAs devices 
using bridging technology and selective growth of GaAs and AlGaAs. It is 
expected to realize integrated optoelectronic devices by stacking GaAs/AlGaAs 
LEDs and GaAs high-speed driving circuits. 


(3) Stacked Large-Capacity, Multi-Functional IC Technology 
i) Mitsubishi Electric Corp. 


An SOI technology has been developed based on the seeded, laser beam 
recrystallization of poly-Si with slicon nitride striped anti-reflective 


coating. 


The three-dimensional image signal processing test IC designed with parallel 
processing architecture has been fabricated. Figure 2 shows the basic 
architecture of the 3D image signal processing IC with a 3 layer structure. 
It consists of more than 10,000 elements. Top and 2nd SOI layers in the 
stack contain a complete 5—-by-5 array of photo diodes and 2-bit CMOS A-to-D 
converters, respectively. The lst layer contains 40 arithmetic logic units 
(ALU) and shift registers with NMOS configuration. Each signal in a pixel 








Fig.2 Basic Archtechture of 3D Image Signal Processing IC 
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is transferred vertically from the top layer to the 2nd layer, and then 

digitized signals of every 2 adjacent pixels are processed in the ALU, which 
is arranged in between those 2 pixels at let layer. Finally, the processed 
signals are read out with shift registers. The light sensing, quantization, 
and data processing of all pixels are operated simultaneously in a parallel 


fashion. 


In the third phase, the fabrication of an image signal processor with a 
larger number of layers and a higher degree ofintegration is planned to 
achieve high speed, real-time image processing through comparative arithmetic 
processing of adjacent pixels. 


ii) Matsushita Electric Industrial Co., Ltd. 


The company has developed an SOI technology based on the seedless 
recrystallization of an isolated Si island embedded in an S10, layer, using 
a dual laser beam with planarized polysilicon heat sink (PHS). 


By drawing on the process technologies related to 3D ICs, a three-layered 
12k bit CMOS SRAM was fabricated. In the third phase, Matushita plans to 
fabricate a multilayer, large-scale integration of 3D IC with a moving 
object-sensing function. 


iii) Sharp Corp. 


A three-layered SOI technology has been developed based on the laser 
recrystallization with M-shaped beam, By applying the SOI and the etch- 

back planarization technology, the company has succeeded in the first 
fabrication of an SOI dynamic memory. The schematic cross section and the 
SEM micrograph of the structure of a three layered SOI are shown in Figure 3. 
They have also fabricated three-layer image processor, with a photo sensor 


array (210 pixels) on the top, digitized composed of SOI CMDS in the middle 
and select logic composed of NMOS in the bottom. In the third phase, it is 


planned to fabricate a multilayered, large-scale integrated 3D intelligent 
image processor for character recognition, featuring an associated memory 
functions based on high-speed logic-in-memory elements. 


iv) Sanyo Electric Co., Ltd, 


An SOI technology without using recrystallization process has been developed 
by Sanyo. They have stacked active Si layers by using spinel epilayers 

grown by CVD and Si epilayers grown on spinels by MBE. High sensitive 
lateral p-i-n photo sensors have been fabricated in SOI layer on spinel. 


A solid phase epitaxial technology has been also developed for stacking 
Si single crystals on $10, layers. 


By combining an epitaxial growth technology and a solid-phase epitaxial 
technology, it is planned in the third phase, to fabricate multilayered ICs 
with a high-sensitivity, wide band SOI optical sensor in the uppermost layer. 
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Fig.3 Cross-Sectional SEM Micrograph and Schamatic Cross-Section of 
the Three-Layerd SOI Dynamic Memory Cell 
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[Article by Koichiro Hoh, Electrotechnical Laboratory] 


[Text] Abstract 


Recent activities of the researches on 3-D ICs at ETL are reviewed. The 
experimental overlay exposure system with synchrotron radiation was 

settled and showed an alignment accuracy better than 0.01 pa. Focused ion 
beam of Si could produce an SOI structure at the temperature 500°C via 
ion-inducted lateral solid-phase epitaxial growth. 1.2 jm channel XMDS 
transistors were test-fabricated and showed excellent characteristics. 
Device simulation revealed that XMOST can be well operated with the channel 
length shorter than 20 nm. Implementation of the XMOST model to the circuit 
simulator SPICE was made and the accuracy was evaluated. An architecture 
simulator PASS for parallel processing systems was developed. 





Introduction 


Three-dimensional (3-D) ICs are consisted of several device layers, stacked 

and isolated from each other by dielectric layers between. They promise 

higher density, higher speed and versatile novel functions which raised 

them as one of the most significant research targets in future microelectronics. 
In the 3D IC project, Electrotechnical Laboratory (ETL) takes basic and 
advancing parts with four research items, namely, synchrotron radiation 
lithography, ion beam processing, 3-D elemental devices and 3-D circuit 
systems. In the following, recent progresses in these researches are 

briefly reviewed, 


Synchrotron Radiation Lithography 


Synchrotron radiation provides intense, collimated X-ray beam which is 
useful in making narrow and deep structures in 3D ICs with lithographic 
means. We have succeeded in fabricating a resist pattern with the line 
width 0.1 ym and the aspect ratio 10.[1] Upon this, our recent effort is 
chiefly concentrated in developing the overlay exposure system with the 
mask/wafer alignment accuracy better than 0.01 ym, For this purpose, we 
have developed a novel alignment method which utilizes the optical heterodyne 
detection of laser beams from the He-Ne Zeeman laser which have been 
diffracted at the splitted grating marks on the mask and a reflection 
grating mark on the wafer(2]. 


The experimental setup, which has already realized the alignment accuracy 

of 0.005 ym in the off-line experiment[2], was installed in the exposure 
chamber connected to the end of the synchrotron radiation beamline and the 
system was revised to meet the requirements for the actual exposure experiment 
in 1 atm He gas environment as is shown in Figure 1. Overlay exposure was 
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done with this system using a test pattern in the mask which construct a 
vernier to evaluate the alignment accuracy of the overlay exposure[3]. 
Figure 2 shows the vernier (left) and its replicated resist pattern by the 
overlay exposure (right). Long trenches which are running horizontally 
are a part of the reflection grating delinated on the wafer. Judging from 
the result that a trench is positioned almost at the center of the gap 
between a pair of the segment pattern at the origin (white patterns pointed 
with an arrow), we estimate that overall accuracy of the overlay exposure 
is better than 0.01 pn. 


Ion Beam Processing 


Ion beams are expected to become powerful tools in the fabrication of 3D 
ICs because they present fertile choices of processes depending on the ion 
species, energy, and the composition and structure of the sample to be 
processed. Especially, focused ion beam (FIB) has proved its ability of 
directly fabricating submicron devices through our experiment which realized 
1/4 um square GaAs Hall sensor by Si FIB imlantation[4]. 


One of the significant application of FIB is to induce lateral solid-phase 
epitaxial (LSPE) growth of Si on S105 which enables SOI fabrication without 
involving the melting of materials. Figure 3 shows that FIB of Si2+ is made 
quasi-linear in one dimension by rapid scanning and it sweeps to the 
orthogonal direction on the surface of the amorphous(a-) Si layer at the 
temperature 500°C, Epitaxial crystallization starts from the window area 
where a-Si directly contacts with the single crystalline Si substrate and the 
crystallization can further be extended laterally[5] along those a-Si region 
which overlies Si0,[6] if the ion dose rate is properly chosen, The result 
is exhibited in Figure 4 where the crystallized area has been visualized 

by removing the remaining a-Si by hot H » This LSPE technique promises 
low-temperature and selected-area fabrication of SOI structure. 


Another application of FIB studied recently is to fabricate the absorber 
pattern of WN, on SiN, membrane for the X-ray mask, In the process shown 
in Figure 5, rf-sputtered Alj0, layer acts as a resist sensitive to Ga 
FIB, The mask pattern with the line width 0.2 ym thus obtained has been 
replicated with synchrotron radiation with good results as is shown in 
Figure 6, 


3D Elemental Devices 


As a novel device that can only be realized in 3D ICs, ETL proposes an 
XMOS transistor (XMOST), a MOS transistor with two gate electrodes at both 
top and bottom faces of an active layer(8] (Figure 7). This device is 
being investigated through computer simulation and actual test- 
fabrication([9]. Besides the merits of versatile usage with dual gates and 
of shielding the electrical interference from devices in the nearest layers, 
our simulation has revealed that the XMOS transistor is free from short- 
channel effect and shows good sub-threshold characteristics even with the 
channel length far below 0.1 ym (Figure 8). Figure 9 shows the calculated 
static characteristics of an XMOS transistor with the channel length 20 nm 
and the active layer thickness 4 nm, 
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Test fabrication of the XMOS transistor has been made for 1.2 ym-channel 
devices, The structure is simplified as is shown in Figure 10 to abridge 
process steps. 0.2 ym-thick active layer was formed by LSPE growth of 
non-doped Si[10). Good I3-V4 characteristics free from punch-through nor 


kink has been obtained as can be seen in Figure ll. 


The prospect that the thin SOI structure is indispensable for realizing 
an excellent submicron MOS transistor has recently become recognized by 
other groups also[11][12]. The structures similar to XMOST are being 
adopted in the simulation of ultimately small MOSTs[{13] and the 
development of high density memories[14]. 



































FOY : Fast Closing Valve Fig.l Experimental system for the overlay exposure 


with synchrotron radiation 


0, 
Htoor’ 


vernier pattern 


ji— — 
— — 
Ged 
0.05pm 
































Fig.2 Overlay resist pattern fabricated by the exposure with synchrotron 
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Fig.4 The result of SOI fabrication 
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Fig.? Structure of XMOST 
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Fig.11 Experimental characteristics of the test-fabricated XMOST 


3D Circuit Systems 


From the viewpoint of circuit systems, we have been seeking the way to take 
the advantage of 3-D circuit structure. We proved that by adopting the 
stacked XMOS structure, the layout area of lozic circuits can be reduced[15]. 
We have also presented a concept of new matrix switches and PLA's for 


parallel processing based on 3D circuit structure[16]. 


Following these, our activities are proceeding to the preparation of new 
tools to embody the above mentioned idea. In succession to the progress 

in the previous year, in which an SOI device model was implemented to the 
circuit simulator SPICE[17], we have implemented the device model of a XMOS 
transistor to SPICE. Calculated subthreshold characteristics of the 

XMOST are compared in Figure 12. For V = V,(>0), device simulator and 
SPICE results almost coincide. SPICE réduits or V = 0 is not given. 
However, looking at those data pairs marked with 1 squares and connected 
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with a chain-dot line, it can be said that, in this case also, SPICE gives 
the same Inc value as that from the device simulator for the same gate bias 
condition taking the symmetry in XM0S structure into consideration. 

Therefore, this SPICE model is generally consistent with the device simulator. 


Concerning the parallel processing systems, we have developed an architecture 
simulator PASS (Parallel Architecture Simulation System)[18]. As an 

example of the system, we took a parallel processor which calculates the 
matrix-vector product and evaluated the computation time for various sizes 
of the matrix. The result promises that PASS will be useful in designing 
hardware and evaluating performances of 3-D circuit systems like 3-D matrix 
switches and PLA's we have hetherto proposed. 


Concluding Remarks 


We have obtained several new results in the research on basic technologies 
for *D ICs. Usefulness of these will hereafter be evaluated through the 
application to the test fabrication of 3-D device-circuit structures 
corresponding to the phases in the progress of each research iten. 
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